Measurement of the B − c meson production fraction and asymmetry in 7 and 13 TeV pp collisions LHCb collaboration †
Introduction
The B − c meson is a bound state containing a b quark with a c quark. 1 It has the largest mass of any two differently flavored quarks in a mesonic ground state. Studies of its production or determination of individual decay widths require measurements of its branching fractions to exclusive final states. Since the branching fractions of some decay modes of B − and B 0 mesons are accurately known, we determine the ratio of B − c meson production relative to the sum of B − and B 0 mesons. Here we use techniques similar to those employed for the measurement of B 0 s meson and Λ 0 b baryon fractions [1] . In that paper use is made of the fact that the semileptonic widths of all b-flavored hadrons with light and strange quarks are equal. However, both the b and c quarks can decay, rendering that concept inapplicable. Instead we rely on theoretical predictions of the semileptonic decay branching fraction B(B − c → J/ψ µ − ν). Currently, only the relative production cross-section times the branching fraction of either the B − c → J/ψ µ − ν or B − c → J/ψ π − modes have been measured by the CDF [2, 3], LHCb [4, 5] and CMS [6, 7] experiments.
The B − c meson production fraction (f c ) relative to the sum of B 0 (f d ) and B − (f u ) mesons is defined as
where n cor refers to the efficiency and branching fraction corrected number of signal events. The modes containing D 0 and D + mesons are also corrected for cross-feeds with B 0 s and Λ 0 b decays. The determination of the corrected yields of the B → DXµ − ν decays follows our previous measurement strategy in Ref. [1] where the equations relating the fractions to the corrected yields, including cross-feed contributions, are given. We also correct for the 0.4% effect of doubly-Cabibbo-suppressed decays and D 0 mixing. The relevant hadron branching fractions are listed in Table 1 . The average semileptonic branching fractions of B 0 and B − , B sl = (10.70 ± 0.19)% is found by averaging measurements from the CLEO [8], BaBar [9] and Belle [10] experiments, detailed in Ref. [11] . Since only b → cµ − ν µ modes are detected in this analysis, a correction for the small b → uµ − ν µ rate of 1% is applied to the denominator of Eq. 1. Table 1 : Charm and charmonium branching fractions for the decay modes used in this analysis.
Particle and decay B(%)
3.93 ± 0.03 PDG average [12] D + → K − π + π + 9.22 ± 0.17 CLEO III [13] J/ψ → µ + µ − 5.96 ± 0.03 PDG average [12] The dominant production mechanism for B − c mesons is gluon-gluon fusion, gg → B − c + b+c. Non-relativistic quantum chromodynamics is used along with fragmentation functions to predict cross-sections as functions of transverse momentum (p T ) and pseudorapidity (η). The literature is nicely summarized in Ref. [14] . We define H b to refer to B c , B 0 , and B − mesons, while H c refers to D 0 and D + mesons.
In this analysis η is determined by measuring the angle of the B meson with respect to the beam direction by using the positions of the primary pp interaction vertex (PV) and the B meson decay point into either J/ψ µ − , D 0 µ − , or D + µ − . The transverse momentum initially refers to the vector sum of the charmed-hadron and µ − momentum transverse to the proton beams. However, the results are re-interpreted in terms of the H b meson p T (H b ) by simulating and correcting the effects of the missing momenta. We denote D 0 or D + meson candidates as H c .
The production asymmetry between B − c and B + c mesons, which should be small, is defined as
where a raw and a det are the asymmetries in the signal yields and the efficiencies of B − c and B + c detection, respectively. The CP asymmetry in the B − c → J/ψ µ − ν decay is assumed to be zero in this analysis.
The branching fraction predictions from various models of semileptonic B − c decays are listed in Table 2 . For B(B − c → J/ψ µ − ν) they range from 1.4 to 7.5%, which is quite a large interval. Branching fractions for other modes are also listed where available. We use Table 2 : Branching fractions predictions (%). The B − c lifetime is taken as 0.507 ps [12] . The value for the semileptonic decays of the B − c meson, B c sl , is derived by summing the J/ψ µ − ν and η c µ − ν individual predictions with the average predictions of 0.1% for ψ(2S)µ − ν, the sum of χ c0,1,2 µ − ν as 0.6%, and 0.3% for h c µ − ν. In the one case where η c µ − ν was not predicted averages from other measurements are used. [15] 6.4 5.0 1.3 13.6 [16] 0.5 [17] 1.4 0.5 2.9 [18] 7.5 2.4 10.9 [19] 1.9 0.6 0.1 3.5 [20] 2.3 0.9 0.8 4.2 [21] 2.7 1.8 5.5 [22] 1.6 0.8 3.4 [23] 1.7 0.5 0.6 3.3 [24] 1.7 0.2 2.9 [25] 1.9 0.8 0.1 3.7 [26] 2.3 0.9 4.2 [27] 2.2 0.8 0.1 4.0 [28] 2.6 0.1 1.1 4.2 [29] 2.5 1.1 4.6 [30] 1.3 0.8 0.2 3.1 [31] 1.4 0.7 3.1 [32] 1.5 0.7 0.5 0.3 3.2 [33] 1.9 0.6 0.1 0.3 0.3 3.5 [34] 2.2 0.8 4.0 the Z expansion fit results from Ref. [32] , and the method II results for Ref. [33] . Some restrictions on models are possible by comparing to lighter B meson decays. Since the inclusive semileptonic branching fraction for these decays, B sl , is about 10.5% and the B − c lifetime, τ Bc , is 1/3 that of the B 0 , 2 we disregard models that predict 10% or larger values for B c sl of the B − c . This excludes from consideration the models of Refs. [15] and [18] . The average model prediction is then B(B − c → J/ψ µ − ν) = 1.95%. The standard deviation is 0.46%, which we use to estimate the systematic uncertainty on the model variation. Results of our measurement without using this branching fraction are also quoted.
Detector, trigger and simulation
The LHCb detector [35, 36] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector elements that are particularly relevant to this analysis are: a silicon-strip vertex detector surrounding the pp interaction region that allows c and b hadrons to be identified from their characteristically long flight distance; a tracking system that provides a measurement of the momentum, p, of charged particles; two ring-imaging Cherenkov detectors that are able to discriminate between different species of charged hadrons; and a downstream system of iron interspersed with chambers is used to identify muons.
The magnetic field deflects positively and negatively charged particles in opposite directions and this can lead to detection asymmetries. Periodically reversing the magnetic field polarity throughout the data taking almost cancels the effect. The configuration with the magnetic field pointing upwards (downwards) bends positively (negatively) charged particles in the horizontal plane towards the centre of the LHC ring. This analysis uses data collected in 2011 (7 TeV) and 2016 (13 TeV) where appropriate triggers are available. The data taking was split between magnetic field up and down configurations. In the 2011 data 0.6 fb −1 (0.4 fb −1 ) were collected with the field pointing up (down), while in 2016 the split was 0.9 fb −1 with field up and 0.8 fb −1 with field down.
The trigger [37] consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, in which all charged particles with p T > 500 (300) MeV are reconstructed for 2011 (2016) data.
Separate hardware triggers are used for the J/ψ µ − and H c samples. For the former we require a µ + µ − pair. For the latter, we require a single muon with large p T for the 7 TeV data as used in Ref. [38] . For the 13 TeV data, the single muon trigger was not available, therefore at the hardware trigger stage, events are required to have a hadron, photon or electron transverse energy greater than approximately 3.5 GeV in the calorimeters. The software trigger requires a two-, three-or four-track secondary vertex with a significant displacement from any primary pp interaction vertex as described in Ref. [1] . At least one charged particle must have p T > 1.6 GeV and be inconsistent with originating from a PV. A multivariate algorithm [39] is used for the identification of secondary vertices consistent with the decay of a b hadron.
Simulation is required to model the effects of the detector acceptance and the imposed selection requirements. In the simulation, pp collisions are generated using Pythia [40] with a specific LHCb configuration [41] . Decays of unstable particles are described by EvtGen [42] , in which final-state radiation is generated using Photos [43] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [44] as described in Ref. [45] .
3 Event selection, signal efficiencies and yields
The analysis is done separately for the light B meson modes and the B − c → J/ψ µ − ν decay. In each case the triggered events are subject to further filtering requirements. In addition, the J/ψ µ − sample is subjected to a boosted decision tree (BDT), a multivariate classification method, using the TMVA toolkit [46] . This is not necessary for the D 0 or D + modes because they have large signals and are relatively free from backgrounds [1] .
For the J/ψ µ − ν final state the initial selection requires that muons that satisfy the J/ψ candidate trigger each have minimum p T > 550 MeV, have large impact parameters with the PV, form a good quality vertex, have a reasonable flight distance significance from the PV, and have a summed p T > 2 GeV. The "companion" muon that is not part of the J/ψ decay must be well identified and form a good quality vertex with the J/ψ candidate, which must be downstream of the PV.
To suppress muon tracks that are reconstructed more than once, we require a small minimum opening angle between the muons from the J/ψ decay and the companion muon momentum measured in the plane transverse to the beam line. Specifically, this opening angle must be greater than 0.8 • . The invariant mass of the companion muon and the oppositely charged muon from J/ψ must differ from the known value of the J/ψ mass by more than 50 MeV [12] , while the invariant mass with the same charged muon is required to be larger than 400 MeV.
Since we are dealing with an exclusive final state, we define
where p ⊥ is the magnitude of the combination's momentum component transverse to the bhadron flight direction. Figure 1 shows the distributions of m cor versus the invariant J/ψ µ − mass, m(J/ψ µ − ), for both data and simulation. To remove background, a requirement of m(J/ψ µ − ) > 4.5 GeV is applied, as indicated by the (red) dashed line.
Since we also measure the production asymmetry between B + c and B − c mesons, we restrict the angular acceptance of the companion muon to make it more uniform by removing muons close to the edge of the detector, in the bending direction (x-direction), where large acceptance-induced asymmetries can occur. Thus, we require that the xcomponent of the momentum satisfies
where p z is the muon momentum along the direction of the proton beam downstream of the PV, as is done in Refs. [47, 48] . After these initial restrictions, we turn to the multivariate selection, forming the classifier denoted BDT in the following. The discriminating variables used are: (a) the We then optimize the BDT output threshold by maximizing S/ √ S + B, where S and B are the number of the signal and background yields in the signal region defined as m cor ∈ (4.8, 10.8) GeV. The sum, S + B, is the total number of events within these limits, and S is taken from a fit to the m cor distribution. The optimal BDT output threshold results in a BDT signal efficiency of 89% with a background rejection of 63%, as determined by observing the resulting samples of input signal simulation events and background candidates.
The m cor distribution is shown in Fig. 2 . It consists not only of signal B − c events, but also of
We find shapes for these final states using simulation. The signal shape is a sum of a double Crystal Ball and a bifurcated Gaussian functions. The sum of the combinatorial and misidentification backgrounds are represented by a Gaussian kernel shape [49] . For the other background modes, we use histograms directly. These shapes are fitted to the m cor distributions in 
contribution is also in the fit but is too small to be seen. The total fit is shown by the solid (red) curve. measurement of 0.71 ± 0.17 ± 0.18, where the first uncertainty is statistical and the second systematic [50] ; this convention is used throughout this paper. The other components of the fit are allowed to vary. We find 4010 ± 200 and 15 170 ± 710 signal B − c → J/ψ µ − ν events at 7 and 13 TeV, respectively, while the backgrounds sum to 950 and 5170 events at the same energies. These signal yields need to be corrected for the small background from candidates with a correctly reconstructed J/ψ meson that is paired with a hadron mis-identified as a muon.
Efficiency for B
Efficiencies are determined using both data [51, 52] and simulation of B − c → J/ψ µ − ν, with the generated events weighted to match the p T (H b ), and η distributions observed in data. In addition, we weight accordingly the χ 2 IP distribution of the muon associated with the J/ψ . Weighting the simulation is important since the total efficiencies are functions of these variables. Efficiencies using data include trigger, and muon identification. Efficiencies using simulation include detector acceptance, reconstruction and event selection, and removal of beam crossings with an excess number of hits in the detector. Total efficiencies as a function of p T (B − c ) for different η intervals are shown in Fig. 3 .
H c Xµ − ν selection criteria
Selection criteria for H b → H c Xµ − ν final states differ from those containing a J/ψ . The transverse momentum of each hadron must be greater than 0.3 GeV, and that of the muon larger than 1.3 GeV. We require χ 2 IP > 9 with respect to any PV, ensuring that tracks do not originate from primary pp interactions. All final state particles are required to be positively identified using information from the RICH detectors. Particles from H c decay candidates must have a good fit to a common vertex with χ 2 /ndof < 9, where ndof is the number of degrees of freedom. They must also be well separated from the nearest PV, with the flight distance divided by its uncertainty greater than 5.
Candidate b hadrons are formed by combining H c and muon candidates originating from a common vertex with χ 2 /ndof < 9 and an H c µ − invariant mass in the range 3.0-5.0 GeV. Background from prompt H c production at the PV needs to be considered. We use the natural logarithm of the H c impact parameter, IP, with respect to the PV in units of mm. Requiring ln(IP/mm)> −3 is found to reduce the prompt component to be below 0.1%, while preserving 97% of all signals. This restriction allows us to perform fits only to the H c candidate mass spectra to find the b-hadron decay yields.
The H c candidate mass distributions integrated over p T (H b ) and η are shown in Fig. 4 and consist of a prominent peak resulting from signal, and a small contribution due to combinatorial background from random combinations of particles that pass the selection. They are fit with a signal component comprised of two Gaussian functions, and a combinatorial background component modeled as a linear function. The fitted yields are listed in Table 3 . These numbers must be corrected for hadrons that are mis-identified as muons, and for semileptonic decays of B 0 s and Λ 0 b hadrons that produce D 0 and D + mesons.
In Table 3 the column labeled "fake muons" shows the yields of wrong-sign D 0 Xµ + and D + Xµ + combinations that pass the selections. These yields provide good estimates of the fake muon contributions in the signal samples, which are very small. Following the procedure in Ref.
[1], we find the cross-feed corrections of B 0 s → (D 0 + D + )Xµ − ν and Λ 0 b → (D 0 + D + )Xµ − ν to be twice the measured yields for B 0 s → D 0 K + Xµ − ν, which are 8500 ± 340 (7 TeV) and 69 390 ± 1130 (13 TeV), and for Λ 0 b → D 0 pXµ − ν, which are 2330 ± 140 (7 TeV) and 33 050 ± 460 (13 TeV). Relative efficiencies for detecting final states with a single extra hadron are taken into account when subtracting these yields. 
Efficiencies for
Similar methods based on data, as implemented for the B − c decay, are used to evaluate the efficiencies for trigger and particle identification. Simulation is also used to determine the efficiencies of event selection and reconstruction of these modes. The total efficiencies for B meson decays into D 0 Xµ − ν and D + Xµ − ν are shown in Fig. 5 .
Results

Corrections to the p T (H b ) distributions due to the missing neutrino
Since the production kinematics of B and B − c mesons can differ as functions of p T (H b ) and η, we need to measure f c /(f u + f d ) as functions of these variables. The measurement of η is straightforward, however, we do not measure directly the p T (H b ) of the b-flavored hadron because of the missing neutrino, and in the case of the B meson possible missing extra particles. Following a procedure similar to the one used in Ref.
[1], we determine a correction factor, k, that is the ratio of the average reconstructed to true p T (H b ) as a function of the invariant mass of the charmed hadron plus muon. The ratio distribution as a function of hadron-muon invariant mass are shown in Fig. 6 . The average correction, the k-factor, is shown on the figure. For the B meson it varies from 0.75 to unity over . Energy p 1 p 2 · 10 −2 (GeV −1 ) 7 TeV 3.82 ± 0.09 ± 0.05 −6.2 ± 1.7 ± 1.1 13 TeV 4.13 ± 0.05 ± 0.04 −9.7 ± 0.8 ± 1.0 the interval from 3 GeV to the B mass, and for the B − c meson it varies from 0.85 to unity over the interval from 4 GeV to the B − c mass.
B − c fraction results
The ratio of production fractions, f c /(f u + f d ), are shown as functions of p T (H b ) and η in Fig. 7 . There is little dependence on η, but the decrease as a function of p T (H b ) is noticeable.
To describe the p T (H b ) dependence we use an equation of the form
where A represents the overall normalization and contains the total global systematic uncertainty, thus, A = 1 ± 0.24; 3 p T is taken as 7.2 GeV, close to the average p T of the B − c . The slopes, p 2 , are similar in size to those measured for the B s meson fraction ratio as a function of p T [1, 53] . Results of fits to the data using Eq. 5 are listed in Table 4 .
The average fractions in the interval 4 < p T (H b ) < 25 GeV are found by integrating over p T (H b ). To allow for facile changes to our results due to improved theoretical predictions, we provide the results for 36 ± 0.08 ± 0.30) · 10 −5 for 13 TeV.
Next we give the result on the fractions ratio
3.63 ± 0.08 ± 0.12 ± 0.86) · 10 −3 for 7 TeV,
where the third uncertainty is due to the theoretical prediction of B(B − c → J/ψ µ − ν). To find f c /f u just double these numbers.
We also measure the ratio of the B − c production fraction at 7 TeV to that at 13 TeV. Figure 8 shows the ratio as functions of p T and η. Here most of the systematic uncertainties cancel. The integrated value of the ratio of 13 TeV and 7 TeV is measured as 1.02 ± 0.02 ± 
.223 ± 0.036 (7 TeV) [38] 0.259 ± 0.018 (13 TeV) [1],
where the uncertainties contain both statistical and systematic components added in quadrature. For the measurement of the f Λ 0 b fraction at 7 TeV, the dominant systematic uncertainty is from the lack of the knowledge of B(Λ + c → pK − π + ) at that time [38] ; here the value and uncertainty have been recalculated according to the latest value of B(Λ + c → pK − π + ) from the PDG [12] .
Taking the sum of all the b-hadron fractions to be unity, and ignoring f c here because it is so small, where δ = 0.25 ± 0.10 is a correction factor derived in Ref. [11] that accounts for heavier b-baryons, mainly the Ξ b . Solving for f u + f d yields
0.713 ± 0.026 (7 TeV) 0.692 ± 0.015 (13 TeV).
We find that
(5.04 ± 0.11 ± 0.17 ± 0.18) · 10 −5 (7 TeV) (5.09 ± 0.06 ± 0.21 ± 0.11) · 10 −5 (13 TeV) ,
where the first uncertainty is statistical, the second is systematic, and the third is from the fractions of the B 0 s and Λ 0 b given in Eq. 9. We also provide the result for f c , f c = (2.58 ± 0.05 ± 0.62 ± 0.09) · 10 −3 (7 TeV) (2.61 ± 0.03 ± 0.62 ± 0.06) · 10 −3 (13 TeV) ,
where the first uncertainty is statistical, the second is systematic including that from B(B − c → J/ψ µ − ν) and the third is from the fractions of the B 0 s and Λ 0 b given in Eq. 9.
The
The production asymmetries are measured in two different magnetic field configurations and then averaged. No significant asymmetry is observed in any intervals of p T (H b ) or η.
The results are summarized in Table 5 . Averaging the B − c − B + c production asymmetries over p T (H b ) and η, we find (−2.5 ± 2.1 ± 0.5)%, and (−0.5 ± 1.1 ± 0.4)% at center-of-mass energies of 7 and 13 TeV, respectively. 
Systematic uncertainties
Systematic uncertainties are separated into two categories: "global", which apply across the phase space, and "local", which are calculated in each two-dimensional p T (H b ) − η bin. These uncertainties are listed in Table 6 . First let us consider the B − c → J/ψ µ − ν decay. The uncertainty due to the signal shape used to fit the m cor distribution is determined by changing the baseline signal shape, the sum of a double sided Crystal Ball function and a bifurcated Gaussian, to a kernel estimation. To find the shape of the combinatorial and misidentification backgrounds we use simulated inclusive samples of b → J/ψ X events not including B − c decays. A total of 500 samples are generated and different fits to the samples are performed to determine the possible uncertainty. This procedure is also used for the a prod measurement. We call contributions to the J/ψ µ − mass spectrum "feed-down" contributions, occurring from other B − c decay channels including J/ψ τ ν, ψ(2S)µ − ν, and χ c µ − ν. The systematic uncertainty results from the uncertainties in their branching fractions. Different decay models for B − c → J/ψ µ − ν decays can change the m cor shape. We use the model of Ebert et al. [16] for our baseline prediction. Then we also use the model by Kiselev [27] to find the efficiencies and take half the difference as the systematic uncertainty. We also estimate the uncertainty due to the sensitivity to various selection requirements and simulation statistics. The muon identification efficiencies are determined from data using inclusive samples of J/ψ decay where one of the muon candidates is not identified. The trigger efficiency is determined by using three independent samples of events, those that trigger on a J/ψ , those that triggered on something else in the event, and those that trigger on both the J/ψ and something else. These samples are then used to compute the trigger efficiencies in two-dimensional p T (H b ) and η bins.
Next, we turn to the B → DXµν modes. The efficiencies and their uncertainties for identifying pions and kaons are determined by using almost background free samples of D * + → π + D 0 , D 0 → K − π + decays. The trigger and muon identification efficiencies, and where the first uncertainties are statistical, the second systematic, and the third due to the theoretical prediction of B(B − c → J/ψ µ − ν). There is a small dependence on the transverse momentum of the B + c meson, but no dependence on its pseudorapidity is observed. We also report f c = (2.58 ± 0.05 ± 0.62 ± 0.09) · 10 −3 (7 TeV) (2.61 ± 0.03 ± 0.62 ± 0.06) · 10 −3 (13 TeV) ,
where the first uncertainty is statistical, the second is systematic including that from B(B − c → J/ψ µ − ν) and the third is from the fractions of the B 0 s and Λ 0 b given in Eq. 9. The ratio of fractions, 1.02 ± 0.02 ± 0.04, for 13 TeV/7 TeV is consistent with no increase in the B − c fraction. Furthermore, using the assumption of no CP violation in the B − c → J/ψ µ − ν decay, we find that the average asymmetry in B − c − B + c production is consistent with zero. The measurements are (−2.5 ± 2.1 ± 0.5)%, and (−0.5 ± 1.1 ± 0.4)% at center-of-mass energies of 7 and 13 TeV, respectively.
These results are useful to extract absolute branching fractions for B − c measurements, albeit with a relatively large uncertainty. They also challenge QCD calculations to predict the measured B − c fractions and explain the consistency between the fractions measured at 7 and 13 TeV [14, 54] .
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